On the basis of the global model, the influences of driving voltage and frequency on electron heating in geometrically symmetrical dual capacitively coupled radio frequency plasma have been investigated. Consistent with the experimental and simulation results, non-monotonic behavior of dc self bias and plasma heating with increasing high frequency is observed. In addition to the local maxima of plasma parameters for the integer values of the ratio between the frequencies (n), ourstudies also predict local maxima for odd integer values of 2n as a consequence of the electrical asymmetry effect produced by dual frequency voltage sources. V C 2013 AIP Publishing LLC [http://dx
I. INTRODUCTION
Capacitively coupled radio frequency (CCRF) plasma have been widely used as a low temperature plasma processing medium for material processing in many fields including microelectronics, aerospace, and biology. [1] [2] [3] [4] Single frequency (1f) CCRF and dual frequency (2f) CCRF plasma sources with different configuration [5] [6] [7] are extensively studied for industrial applications. The basic advantage of the 2f CCRF over the 1f CCRF is the separate independent control of the plasma density and ion energy. 8, 9 Various models and simulations have been proposed to study the 2f CCRF plasma. [10] [11] [12] [13] [14] [15] [16] Several experiments have been also reported. 17, 18 Electron heating mechanism is the key issue in understanding the CCRF plasma discharges. It had been shown that the electron heating can be significantly enhanced by dual frequency excitation, rf current, or frequency in 2f CCRF plasma. [19] [20] [21] [22] It has been also shown that plasma series resonance (PSR) heating plays a crucial role in 1f CCRF plasma. [23] [24] [25] [26] [27] [28] In geometrically asymmetric CCRF plasma, a dc self bias is generated naturally because of the different electrode sizes and develops in order to compensate electron and ion fluxes to each electrode within one rf period. But, in geometrically symmetric discharge no such dc self bias is generated naturally. Recently, a novel approach for achieving separate control of ion flux and energy in CCRF discharges based on the electrical asymmetry effect (EAE) was reported. 28 If the applied, temporally symmetric voltage waveform contains an EAE, the sheaths in front of the two electrodes are necessarily asymmetric. In this case, a dc selfbias develops and leads to nonlinear PSR heating even if the electrodes are geometrically symmetric. Simulation results in a geometrically symmetric 2f CCRF plasma show considerable heating of the plasma by PSR effect with the help of EAE. 29, 30 Theoretical studies on the influence of phase angle between the two rf waveforms also show considerable effect on the plasma heating. 7 High energetic secondary electrons as a consequence of PSR effect have been also experimentally observed. 31, 32 Experimental study of 2f CCRF plasma 18 shows the non-monotonic variations of electron density and temperature with high frequency (f HF ) while keeping the low frequency (f LF ) constant at 13.56 MHz, which makes local maxima in the variations of the plasma parameters for integer's values of n ( ¼ f HF /f LF ). Generation of sidebands in Fast Fourier Transform (FFT) of the rf current for non-integer values of n have been also reported. 18 However, the physics behind the non-monotonic behavior as well as the local maxima has not been fully understood. Thus, it is interesting to investigate the EAE and corresponding heating mechanism in 2f CCRF plasma, which may help in understanding the electron heating mechanism associated with 2f CCRF plasma.
In this work, by means of the effective nonlinear global model of CCRF plasma discharge, which self-consistently takes into account the dc self bias voltage across the sheaths we have studied a 2f CCRF plasma system. In this model, the nonlinear PSR heating due to the EAE is taken into account in order to describe quantitatively correct the heating mechanism in 2f CCRF plasma. The integration of the PSR heating due to the EAE may help to remedy the different model to align with the experimental observations. In our previous study, with the help of the global model we have investigated the effect of phase angle between the dual frequency rf waveforms operated at 13.56 MHz and 27.12 MHz on the plasma heating. 7 In this communication, on the basis of the global model we have studied the 2f CCRF plasma operated by different values of n, keeping the low frequency constant at 13.56 MHz and varying the high frequency from 50 MHz to 90 MHz. Our studies predict some surprising behavior of the PSR heating, which are discussed in the manuscript. 
II. THE MODEL
The schematic of the 2f CCRF plasma model used in our study is shown in Fig. 1 . It is worth to mention here that similar type of model have been used in our previous work to study the PSR effect arises due to the phase angle between the two waveforms of the applied rf voltage at frequencies of 13.56 MHz and 27.12 MHz. 7 Rearranging the different terms the differential equations to describe the model take the form as
For convenience, the two voltage waveforms of the angular frequency x LF ¼ 2pf LF and x HF ¼ 2pf HF are applied to the electrodes in opposite direction, so that at any time the total voltage V(t) can be expressed as
Equations (1)- (5) , which suppress the effects that arise due to the difference in electrode sizes. The total dissipation (g total ) is of course the sum of Ohmic and stochastic dissipations that are calculated from the rf currents. 23 observed for integer values of n. This is well agreed with the experimental observations, 18 i.e., eliminations of sideband for integer values of n. In addition, we have also observed the elimination of sidebands from the rf current harmonics for odd integer values of 2n (n ¼ 4.5). Although the direct experimental evidences for the elimination of sideband from the harmonics for the odd integer values of 2n are not available, perceptive observations of the experimental results 18 reveal a vital conclusion, which is agreed with our observations. It was experimentally revealed that the variations in the plasma properties (like electron density, dc self bias, electron temperature, floating potential, and plasma potential) with higher frequency (f HF ) show a local maxima or minima due to the reduction in sideband at an integer value of n.
III. RESULTS AND DISCUSSION
18 Similar to the integer values of n, a perceptive observation on these experimental results 18 shows a maxima or minima in the variation of the plasma properties for the odd integer value of 2n also (although the amplitudes of the maxima or minima are dominated for integer values of n). These local maxima or minima in the variation of the plasma properties for odd integer values of 2n probably signify the elimination of the sideband from the harmonics of the FFT. The variations of the V B and g total with f HF , V HF , and V LF for f LF ¼ 13.56 MHz are shown in Fig. 4 . Consistent with the experimental observations, 18 V B and g total (which determine the electron density and temperature) are found to increase with increasing f HF for all values of V HF and V LF . While studying the variation of V LF and V HF , considerable increase in V B with V LF is observed, whereas no significant influence of V HF on V B is noticed. On the other hand, g total is found to increase considerably with V HF but no considerable variation in g total with V LF is observed. These observations are well agreed with the experimental 17, 18 and simulation [33] [34] [35] [36] [37] [38] [39] observations. It is worth to mention here that these independent variations of V B and g total by V LF and V HF make the 2f CCRF plasma suitable for independent control of the ion flux and ion bombardment energy onto the electrodes. Figure 5 shows the variation of g total with f HF at four different ranges (enlarge) for studying the heating mechanism by EAE for
Although g total looks like increasing monotonically with f HF (Fig. 4) , in-depth observation shows local maxima in the variation of g total with f HF (Fig. 5) at n ¼ 4, 4.5, 5, and 5.5. It has been experimentally observed that the electron density and temperature show local maxima at integer values of n. 18 In addition, in-depth observation in the experimental results 18 shows a local maxima in electron density, temperature, and dc self bias at a frequency around 74.58 MHz (n ¼ 5.5). Although maximum power dissipation does not always result in a maximum plasma density or temperature and the presented model assumed spatially uniform plasma and fixed plasma density and temperature, part of the findings by the model surprisingly coincide up to some extent with the experimental observations. 18 
IV. SUMMARY
In conclusion, on the basis of nonlinear global model of CCRF discharge, we have developed a 2f CCRF plasma model, which self consistently takes into account the dc self bias voltage across the sheaths. Consistent with the experimental and simulation results, we have found the nonmonotonic behavior of plasma parameters with increasing high frequency. Although no direct experimental or simulation evident are available, we have found eliminations of sideband from the harmonics of the rf currents for odd integer values of 2n. These eliminations of sideband increase the harmonic current including the fundamentals and increase the electron heating at particular values of n. We also conclude that PSR heating due to the EAE plays a crucial role and need to be considered while making any calculations in 2f CCRF plasma. 
